In our study, cerebrocortical electrical activity was recorded as an indicator of bilirubin neurotoxicity. Bilirubin especially affects the thalamus and cerebral cortex. Inasmuch as rhythmic oscillations on the EEG arise from the interaction between cortex and thalamus, electrophysiologic effects of bilirubin on the rhythmic oscillations with long-term postnatal age were investigated. Brain maturation was also analyzed with power spectral analysis quantitatively. For this purpose, 141 EEG records were taken (in the first week, 15th d, at the end of the first month, and at the third month) from 17 infants with hyperbilirubinemia and 22 healthy infants. In all records, the major frequency component was formed by the delta frequency in both groups. In the first records of the hyperbilirubinemia group, the delta frequency was higher than the control group; however the theta, alpha, and beta frequencies and the amplitude levels were lower (p Ͻ 0.001). These changes were found to be significantly correlated with the bilirubin levels (p Ͻ 0.001). On the 15th d the amplitude of the hyperbilirubinemia group increased to similar levels as the control group. At the frequency bands of delta and theta, there were significant changes related to postnatal age (p Ͻ 0.001). In all cerebral regions, the delta frequency decreased and the theta frequency increased with age. However, in the hyperbilirubinemia group the delta frequency was higher, the theta frequency was lower, and the changes between the groups disappeared in the third month despite the differences at all regions of the brain. In terms of the vertex, k complex, and sleep spindle, there were no differences between both groups in the third month (p Ͼ 0.05). We conclude that hyperbilirubinemia affects the cerebrocortical electrical activity but appears to be time limited. Hyperbilirubinemia is one of the most common problems during the neonatal period. Bilirubin encephalopathy is a neurologic syndrome resulting from the deposition of bilirubin in brain cells. A characteristic yellow color change by unconjugated bilirubin is seen, particularly in the corpus subthalamicum, hippocampus, thalamus, globus pallidus, putamen, cranial nerve nuclei, and cerebral cortex (1-4). Yellow staining of the brain has also been observed in infants dying without clinical symptoms of kernicterus, and in whom only moderately elevated serum bilirubin values had been noted (5). In addition, bilirubin damages nonpigmented areas. Loss of neurons, reactive gliosis, and atrophy of involved fiber systems are found in late disease (3, 4). Bilirubin inhibits oxidative phosphorylation and respiration in the mitochondria of the brain (6).
In our study, cerebrocortical electrical activity was recorded as an indicator of bilirubin neurotoxicity. Bilirubin especially affects the thalamus and cerebral cortex. Inasmuch as rhythmic oscillations on the EEG arise from the interaction between cortex and thalamus, electrophysiologic effects of bilirubin on the rhythmic oscillations with long-term postnatal age were investigated. Brain maturation was also analyzed with power spectral analysis quantitatively. For this purpose, 141 EEG records were taken (in the first week, 15th d, at the end of the first month, and at the third month) from 17 infants with hyperbilirubinemia and 22 healthy infants. In all records, the major frequency component was formed by the delta frequency in both groups. In the first records of the hyperbilirubinemia group, the delta frequency was higher than the control group; however the theta, alpha, and beta frequencies and the amplitude levels were lower (p Ͻ 0.001). These changes were found to be significantly correlated with the bilirubin levels (p Ͻ 0.001). On the 15th d the amplitude of the hyperbilirubinemia group increased to similar levels as the control group. At the frequency bands of delta and theta, there were significant changes related to postnatal age (p Ͻ 0.001). In all cerebral regions, the delta frequency decreased and the theta frequency increased with age. However, in the hyperbilirubinemia group the delta frequency was higher, the theta frequency was lower, and the changes between the groups disappeared in the third month despite the differences at all regions of the brain. In terms of the vertex, k complex, and sleep spindle, there were no differences between both groups in the third month (p Ͼ 0.05). We conclude that hyperbilirubinemia affects the cerebrocortical electrical activity but appears to be time limited. Hyperbilirubinemia is one of the most common problems during the neonatal period. Bilirubin encephalopathy is a neurologic syndrome resulting from the deposition of bilirubin in brain cells. A characteristic yellow color change by unconjugated bilirubin is seen, particularly in the corpus subthalamicum, hippocampus, thalamus, globus pallidus, putamen, cranial nerve nuclei, and cerebral cortex (1) (2) (3) (4) . Yellow staining of the brain has also been observed in infants dying without clinical symptoms of kernicterus, and in whom only moderately elevated serum bilirubin values had been noted (5) . In addition, bilirubin damages nonpigmented areas. Loss of neurons, reactive gliosis, and atrophy of involved fiber systems are found in late disease (3, 4) . Bilirubin inhibits oxidative phosphorylation and respiration in the mitochondria of the brain (6) .
The EEG has been used to study the maturation of the brain as the infant grows in the first year of life, as well as to identify abnormalities in cerebral electrical activity including delays of the normal maturation sequence (7) . In this study, the effect of hyperbilirubinemia on brain maturation was investigated by EEG, and brain maturation was also analyzed with power spectral analysis.
METHODS
Seventeen infants with unconjugated hyperbilirubinemia and 22 healthy infants from Pamukkale University Hospital Neonatal Care Unit were prospectively recruited for a study aiming to observe normal maturation of EEG patterns. No infant suffered from major medical illness or required ventilatory assistance during the neonatal period. All of the babies were between 38 and 42 wk of gestation and were appropriate for gestational age according to the Dubowitz score (8) . All infants were developmentally normal in the first 3 mo of life either by neurodevelopmental testing or parental report. All of the babies' families were informed about the study, and written consent was signed by all of them. The institutional review board approved the study.
Babies with unconjugated hyperbilirubinemia constituted the study group, and the bilirubin levels were above the phototherapy limit (9) . All of the babies were monitored for bilirubin levels four times a day. Babies whose bilirubin levels were under phototherapy limits were recruited as a control group. All of the babies in the study and control groups were asymptomatic. Infants whose mothers had diabetes mellitus, eclampsia, or preeclampsia and infants whose Apgar scores were low were excluded. The babies did not have respiratory and cardiac diseases or congenital malformations.
Each infant received an initial EEG examination in the first week (between 48 and 90 h of life) because the bilirubin levels were peak values before the treatment. After treatment bilirubin values did not increase. Then serial EEGs were performed on the 15th d and in the first and third months. Studies were performed in an environmentally controlled setting in which sound, light, humidity, and tactile stimulation were carefully monitored. All infants were studied during sleep in a prone position on an open bed. No infant received medication. For each recording, the infant was admitted to the hospital before 1000 h. After a routine pediatric examination, EEG was recorded at least 1 h in only quiet sleep periods. EEG apparatus was produced by Medelec Profile Digital EEG Systems (U.K).
In the first three EEG recordings, digitized data were collected from 11 cerebral electrodes, placed according to the modified International 10/20 system for neonates ( In the third month, 21 cerebral electrodes were placed according to the international 10/20 system (10), and the same noncerebral channels were used. Records were performed at high-frequency filter of 70 Hz, low-frequency filter of 0.16 Hz, and sensitivity of 100 V/mm. The signals were recorded on hard disk and transferred to CD-ROM for storage. Carefully selected artifact-free 10-s periods of each EEG from the beginning, in the middle, and at the end were analyzed. Rough digital EEG data were transformed into power spectral analysis by software, which was written by Medelec Corporation. Analyzed results were given in four different frequency bands [delta (), 0 -4 Hz; theta (␦), 4 -8 Hz; alpha (␣), 8 -13 Hz; and beta (␤), [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Hz] as percentages of each frequency band. We collected these data in five different regions for every patient (Fp 1 -C 3 , C 3 -O 1 , Fp 2 -C 4 , C 4 -O 2 , and Cz-C 4 ), and it was compared with control group values. Mean amplitude values were obtained from every channel. In the third month, sleep spindles, vertex, and k complex were analyzed.
Total and direct bilirubin concentrations were determined using the modified Jendrassic Grof method in the Hitachi 902 automatic analyzer (Abbott Laboratories,U.S.A.).
Statistical analyses were performed by Systat statistical software (version 7.0 for Windows; SPSS Inc, Chicago, IL, U.S.A.) The t test, 2 , repeated-measures ANOVA, Pearson correlation, and linear regression analysis were used for data analyses. Statistical significance was taken at p Ͻ 0.05. All data are presented as the mean Ϯ SD.
RESULTS
There were no differences between the two groups in sex, Apgar score, conceptual age, weight, length, and head circumference (p Ͼ 0.05). The study group consisted of 17 babies (7 girls, 10 boys). There were 22 babies in the control group (10 girls, 12 boys). Apgar scores were 9 -10 in the first minute and 10 in the 10th min. Bilirubin levels in the study and control groups were 22.4 Ϯ 5.4 mg/dL (range, 16.2-33 mg/dL) and 7.7 Ϯ 3.2 mg/dL (range, 2-13.3 mg/dL), respectively. There was a significant difference between the bilirubin levels of the two groups (p Ͻ 0.001; Table 1 ). On the 15th d, bilirubin levels were under the pathologic bilirubin levels, and there was no difference between the two groups (p Ͼ 0.05).
We detected Rh immunization (n ϭ 1), ABO immunization (n ϭ 3), urinary tract infection (n ϭ 1), and deficiency of the G6PD (n ϭ 3) in the study group. Direct Coombs test was positive only for the case of Rh immunization. In the patients who had higher bilirubin levels than 26 mg/dL, Rh immunization (n ϭ 1), ABO immunization (n ϭ 1), and G6PD deficiency (n ϭ 2) were found. We could not detect any cause in one patient.
Delta frequency was the major frequency component during the procedure in the both groups. The delta frequency activity decreased and other frequency bands increased with age. The data for serial EEG records are shown in Tables 2-6 .
When we compared the results of the first records in both groups, delta frequency in the study group was higher, but alpha, theta, and beta frequencies and amplitude levels were significantly lower than those in the control group (p Ͻ 0.001). We observed that the amplitude levels in the study group of the second records were similar with those in the control group, and the amplitude levels were found to be similar during the 3-mo period in both groups (p Ͼ 0.05; Table 2 ).
There were significant changes related to postnatal age in the frequencies of delta and theta (p Ͻ 0.001). In all cerebral regions, the delta frequency decreased and the theta frequency increased with age (p Ͻ 0.001). However, in the hyperbilirubinemia group the delta frequency was higher and the theta frequency was lower than those in the control group (p Ͻ 0.05).
We found that alpha and beta frequencies in the study group were lower than those in the control group in all records (p Ͻ 0.05). In the control group, a mild increase in alpha frequency with postnatal age, which was not statistically significant, was detected. However, in the study group, the difference was significant between the first and second tests (p Ͻ 0.05). The differences in the beta frequency with postnatal age were significant for only left anterior region (p Ͻ 0.05). We could not explain the statistically significant changes for beta fre- Figures 1-3 show the correlation between the bilirubin levels and amplitude and delta and theta frequencies of Fp 1 -C 3 channel.
In terms of the vertex, k complex, and sleep spindle, there were no differences between both groups in the third month (p Ͼ 0.05).
DISCUSSION
Jaundice is one of the major problems of newborns in Turkey (11) . Reversible depressive effects of bilirubin on neuronal functions were shown with modern neurophysiologic diagnostic techniques such as brainstem evoked potentials, visual evoked potentials, somatosensory evoked potentials, and cry analysis (11) (12) (13) (14) (15) .
Bilirubin especially affects the thalamus and cerebral cortex. Because rhythmic oscillations on the EEG arise from the interaction between the cortex and thalamus, the electrophysiologic effects of bilirubin on the rhythmic oscillations during long-term postnatal age were investigated. Only one study is available on the effects of bilirubin on the EEG (16) . In the study by Wennberg and Hance in 1986 (16) , unilateral bilirubin encephalopathy was designed experimentally on rats, and decreased amplitudes and flattening of the EEG waves were observed. The EEG served as an indicator of developing encephalopathy. The EEG changes were best predicted by the degree of blood-brain barrier opening and by the quality of serum bilirubin binding. The EEG is an excellent method for measuring brain maturation in newborns (7, 17) . By showing the development of electrical maturation of the brain, early diagnosis of brain damage on high-risk infants is possible (7) . For this reason, many studies have been conducted in preterm and term babies (7, 18) . As a result, the delay of brain maturation can be detected earlier and at the same time determination of prognosis and brain damage can be detected.
Transient delay in the EEG brain maturation was shown in high-risk infants, such as Down syndrome, bronchopulmonary dysplasia, respiratory distress syndrome, and intraventricular hemorrhage, and in babies of preeclamptic and diabetic mothers (19 -23) . It has been proven by evoked potentials that hyperbilirubinemia has suppressive effects on neuronal functions but there is no study about the effect of hyperbilirubinemia on EEG maturation. In our study, we have used EEG frequencies and amplitudes as a marker of bilirubin toxicity (16, 24) . We have found that the amplitude during jaundice in the study group was markedly lower than that in the control group. We have seen a 20% decrease in the amplitude levels in the study group. In the study group with normal bilirubin levels the amplitude levels were similar to those of the control group in the EEG investigations on the 15th d. We have shown that the amplitude of EEG has been affected by the bilirubin levels and decreased with increasing bilirubin levels and also this effect has not been seen with normal bilirubin levels. We had thought that the effect of bilirubin on the amplitude was dose dependent and reversible and has a short interval as on the brainstem evoked potential (11, 12) .
High slow-wave frequencies during the newborn period, decrement of these frequencies with age, and an increase of rapid frequencies are markers of brain maturation (17, 18, (25) (26) (27) . In our study, delta activity was the major frequency component. We found that delta frequency in the study group was significantly higher than in the control group and this activity decreased with age in both groups. On the other hand, theta frequency was less in the study group than in the control group. The theta frequency increased with age. This may be caused by the effect of bilirubin on neuronal functions. The data showed that hyperbilirubinemia without clinical symptoms caused electrophysiologic changes of cerebrocortical activity in the brain.
In our study, hyperbilirubinemia also caused transient delay in brain maturation. The difference of the delta frequency 
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EEG IN NEONATAL HYPERBILIRUBINEMIA the suppressive effect of bilirubin on the cerebrocortical activity lasts for a far shorter period in the central region whereas it lasts longer in the anterior regions.
There were no differences between the two groups in terms of vertex, sleep spindle, and k complex in the third month, which supported the hypothesis that hyperbilirubinemia caused transient delay in the brain maturation.
We conclude that hyperbilirubinemia affects the cerebrocortical electrical activity, but appears to be time limited.
